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Sodium.potassium ATPase (Na.K ATPase) activity mediates cyst for.
mation in metanephric organ culture. To study the possible role of
altered transtubular transport in renal tubular cyst formation, the
ontogeny of renal Na-K ATPase was studied during glucocorticoid-
induced cystic metanephric tubular development in serum-free, murine
organ culture (SFMOC). Utilizing an enzyme-linked kinetic microas-
say, a developmental profile of total ATPase and specific Na-K ATPase
activity was established for control (CON) and glucocorticoid-induced
cystic organ culture (CY) explants.
During 120 hr of CON and CY organ culture nephrogenesis total
Na-K ATPase activity, specific Na-K ATPase activity, and the Na-K
ATPase:total ATPase ratio progressively increased, simulating normal
in vivo murine enzyme development. However, from 48 to 120 hr of
organ culture, CY showed significant increases in Na-K ATPase
activity when compared to CON at similar stages of development.
Na-K ATPase activity (expressed as nmoles min mg protein
mean SD) was, at: 48 hr, CY 13.1 0.7 vs. CON 11.0 0.9 (P <
0.01); 72 hr, CY 16.4 1.1 vs. CON 12.2 0.7 (P < 0.001); 96 hr, CY
35.4 4.9vs. CON 13.7 0.4 (P <0.001); and 120 hr, CY 26.1 1.4
vs. CON 16.3 0.9 (P < 0.001). The initial differences in CY enzyme
activity preceded the earliest ultrastructural evidence of cyst formation
by 18 to 24 hr, while subsequent increases in Na-K ATPase activity in
CY paralleled progressive tubular cyst formation. Tubular cyst forma-
tion in CY could be largely prevented by daily incubation of explants
with ouabain, 0.2 mis (final concentration) x 120 mm, without delete-
rious effects on overall metanephric development. We conclude that
increased Na-K ATPase activity has a primary role in tubular cyst
formation in the SFMOC model.
Láctivité sodium.potassium ATPase médie Ia formation de kystes dans
une culture organotypique métanéphrique. Pour étudier le role possible
d'une alteration du transport transtubulaire lors de Ia formation de
kystes tubulaires rénaux, l'ontogénese de Ia Na-K ATPase rdnale a Cté
CtudiCe au cours du développement de kystes métanephriques
tubulaires induits par les glucocorticoldes dans une culture
organotypique de souris sans serum (SFMOC). En utilisant un
microdosage cinetique lie a l'enzyme, Ic profil du developpement de
l'activitC ATPase totale et Na-K ATPase specifique a été dtudid pour
des explants contrôles (CON) et des cultures organotypiques de kystes
induits par les glucocorticoIdes (CY). Au cours des 120 hr de néphro-
gCnèseen culture organotypique de CON et de CY, les activités Na-K
ATPase totale, Na-K ATPase spécifique, et Ic rapport de Na-K
ATPase:ATPase totale a augmentC progressivement, simulant un
dCveloppement normal enzymatique in vivo chez Ia souris. Cependant
de 48 a 120 hr de culture organotypique, CY a presenté une augmenta-
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tion significative de l'activitd, L'activitë Na-K ATPase (exprimCe en
nmoles min mg protéine, moyenne SD) Ctait fl 48 hr, CY 13,1
0,7contre CON 11,0 0,9(P <0,01); 72 hr, CY 16,4 1,1 contre CON
12,2 0,7 (P < 0,001); 96 hr CY 35,4 4,9 contre CON 13,7 0,4 (p
<0,001); 120 hr, CY 26,1 1,4 contre CON 16,3 0,9(P<0,001). Les
differences initiales de l'activité enzymatique CY précédaient les indi-
ces ultrastructuraux les plus prCcoces de formation kystique de 18 a 24
hr, tandis que les augmentations ultérieures de l'activitC Na-K ATPase
chez CY étaient paralleles a Ia formation progressive des kystes
tubulaires. La formation de kystes tubulaires chez CY pouvait large-
ment étre prCvenue par l'incubation quotidienne des explants avec de
l'ouabaine, 0,2 mM (concentration finale) toutes les 120 mm, sans effet
ddlétere sur le ddveloppement global métanéphrique. Nous concluons
qu'une augmentation de l'activitd Na-K ATPase a un role de base dans
Ia formation de kystes tubulaires dans le modèle SFMOC.
Cystic abnormalities of the kidneys comprise a heteroge-
neous group of pathologic entities that cause significant mor-
bidity and mortality in both adults and children [1, 2]. Because
of the difficulties of studying cyst formation in human subjects,
a number of experimental models have been developed to study
the basic pathophysiology of renal cystic disease [31. In such
models, cysts have been produced by chemical agents in adults
or infant rats, rabbits, or hamsters [4—111 and by intrauterine
ureteral ligation in fetal rabbits [121. Such studies have isolated
three major factors in the production of cystic changes: 1)
extratubular or intratubular nephron obstruction secondary to
hyperplasia of tubular epithelium [13, 14]; 2) altered tubular cell
metabolism or tubular basement membrane structure or func-
tion [7, 15, 16]; and 3) abnormal cellular differentiation [17, 18].
Since the production of cysts in whole animal models does not
permit control of the many variables operative in
organogenesis, the complex interaction of these three factors
and their relative importance in experimental or naturally-
occurring cystic maldevelopment remain unknown [19].
In recent studies we have described a new munne organ
culture model of glucocorticoid-induced metanephric proximal
tubular cystic maldevelopment [20, 211. The organ culture
system permits controlled study of the pathophysiology of
proximal tubular cyst formation in that organotypic tubular and
glomerular epithelial development occur in serum-free, chemi-
cally defined medium in the absence of vascularization, perfu-
sion, or urine production. The organ culture system thus
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experimentally separates the process of renal tubular cyst
formation from glomerular filtration, flow-related phenomena
such as obstruction, and the effects of multiple factors present
in mammalian serum or urine. This permits direct analysis of
the specific manner in which glucocorticoid-induced abnormal-
ities of tubular cell metabolism and/or function may mediate
cystic development. Ultrastructural analysis of cyst formation
in organ culture has demonstrated abnormalities of proximal
tubular intercellular spaces which have preceded marked tubu-
lar dilatation [211. Such ultrastructural changes suggest that
transtubular transport with attendant paracellular solute and
fluid movement accompany cystic dilatation and may have an
important pathogenetic role in producing the observed cystic
changes [22, 231.
In the current study, the hypothesis that glucocorticoid-
induced proximal tubular cyst formation is mediated through
the sodium pump of the proximal tubule, the sodium-potassium
adenosine triphosphatase (Na-K ATPase) [24], has been exam-
ined. Located at the basolateral surface of tubular cells in
mammalian kidneys the Na-K ATPase occupies a pivotal role in
proximal tubular transepithelial solute and fluid transport by
controlling primary active transport of sodium and potassium,
and regulating a number of secondary active transport pro-
cesses [24—27]. Further rationale for exploring the relationship
between glucocorticoid-induced cystic changes and Na-K
ATPase activity is provided by recent studies that have dem-
onstrated that glucocorticoids can directly increase Na-K
ATPase activity during renal development, and that the imma-
ture proximal tubule of the rat is particularly sensitive to such
enzyme induction by glucocorticoids [28, 29]. Therefore, an
enzyme-linked kinetic microas say has been utilized to study the
ontogeny of metanephric Na-K ATPase activity during control
and cystic organ culture nephrogenesis in vitro as well as during
natural organogenesis in vivo. Further, the relationship be-
tween changes in enzyme activity and morphologic cyst devel-
opment in organ culture has been analyzed. Finally, to deter-
mine the primacy of changes in enzyme activity in mediating
cystogenesis, the effects of ouabain inhibition of Na-K ATPase
activity on cyst development in this model have been charac-
terized.
Methods
Metanephric organ culture
The basic methodology of serum-free organ culture of em-
bryonic mouse metanephros has been described in detail
[30—33]. Pregnant Swiss-Webster albino mice were sacrificed by
cervical dislocation at 13 0.4 days gestation. Gestational age
was based on timed breeding, and precise gestational age of
fetal tissues was confirmed by formal developmental staging of
embryos using established methods [34—35]. Embryos were
aseptically removed from uteri and placed in dissecting solution
at 4°C. The dissecting solution consisted of equal volumes of
Dulbecco's modified Eagle's medium and Ham's F-l2 medium
supplemented with 10 mM Hepes buffer, 13.4 m sodium
bicarbonate, mycostatin (50 U/mi), penicillin (50 U/mI), and
gentamicin (50 gIml). Fetal metanephric tissue was microdis-
sected from the embryo, trimmed, and transferred onto a 0.8
jm Millipore filter sitting atop a Trowell-type organ culture
assembly. The assembly consisted of a double welled organ
culture dish (Falcon #3037, Oxnard, California, USA), with an
outer well fitted with an adsorbent ring soaked in double-
distilled water and a center well covered by a fitted metal grid
which supports the filter and tissue. Culture medium was added
to the center well and the level adjusted to soak the bottom of
the filter without submerging the tissue. Culture medium con-
sisted of dissecting solution supplemented with transferrin, 6.2
x 108M;prostaglandinE1,7.l x l08M;insulin,8.3 x l07M;
triiodothyronine, 2 x l0 and selenium, 6.8 x l0- M. The
cystic model was produced by the addition of cortisol, 1.4 x
l0 M to the control medium [20, 211. The completed assem-
blies were incubated at 36 0.5°C and 95% humidity in the
mixed air-5% CO2 environment of a water-jacketed incubator.
Culture medium was completely changed every 24 to 48 hr. All
culture medium was obtained from Flow Laboratories
(McLean, Virginia, USA) and all hormones were obtained as
lyophilized tissue culture reagents from Sigma Chemical Com-
pany (St. Louis, Missouri, USA).
In all of the current studies, representative samples of both
control and cystic tissue (4 to 6 explants per treatment group)
were harvested daily for histological analysis. For light micros-
copy, control and cystic tissue explants were fixed in 2%
formaldehyde, 2.5% gluteraldehyde, in phosphate buffer (pH
7.4) for 2 hr at 4°C. Explants were then washed, dehydrated
through graded acetone, and infiltrated and embedded with JB4
Embedding Medium (Polysciences, Inc., Warrington, Pennsyl-
vania, USA). One micrometer sections were cut on an
ultramicrotome, mounted on glass slides, and stained with
hematoxylin.
To determine whether cystic development involved
hyperplasia of tubular epithelial cells, daily tubular cell mitotic
indices were determined for representative samples of cultured
control and cystic tissue utilizing previously described methods
[14]. For each day of organ culture incubation, the number of
mitoses per 1000 tubular cells for each of 12 individual control
or hydrocortisone-treated explants was determined by direct
counting of cells comprising control or cystic tubular walls in
serial 4 m light microscopic sections. The mitotic index was
then defined as the mean number of mitoses per 1000 tubular cells
and calculated from the 12 determinations from each group.
Determination of sodium-potassium A TPase activity
Na-K ATPase activity was determined in murine kidneys
during in vivo nephrogenesis, and control and cortisol-induced
cystic organ culture explants during in vitro development using
Yoda's modification of the linked pyruvate kinase-lactate de-
hydrogenase kinetic spectrophotometric method [36—39]. For
the in vivo studies, renal tissue was assayed from Swiss-
Webster albino mice at the following stages: 13, 15, 17, and 19
days of fetal gestation; 2 weeks postnatally, and 6 to 12 months
postnatally (adult). For the in vitro studies, both control and
cystic explants were assayed at each of the 5 days of organ
culture incubation. In the assay employed for ATPase activity
determination, the hydrolysis of ATP is coupled to the oxida-
tion of NADH by the following reaction sequence:
(1) ATP Na-K ATPase ADP + P;
(2) ADP + phosphoenolpyruvate Pyruvate Kinas Pyruvate
+ ATP;
(3) Pyruvate + NADH lactate dehydrogenase Lactate +
NAD
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In this method, only reaction [1] is rate limiting, and thus the
oxidation of NADH is directly proportional to the amount of
ATPase present.
Murine kidneys and control and cystic organ culture explants
were washed in 0.2 M sucrose-0.02 M tris-HC1 buffer at 4°C and
then homogenized in the same solution using a Kontes tissue
microgrinder. For assay of fetal kidneys of 13 and 15 days
gestation and organ culture explants days 1 to 3 of incubation,
8 to 10 kidneys or explants were homogenized per 100 p1 of
buffer. For postnatal murine tissue, intact kidneys were diluted
in appropriate amounts of buffer to give tissue homogenate
protein concentrations of 10 to 25 g/l0 p1, which were deter-
mined in preliminary studies to b optimal for the assay. Tissue
homogenates were stored frozen at —80°C until assayed. At the
time of assay, tissue was thawed and rehomogenized to break
up clumping of fetal tissue. Ten microliters of homogenate were
added to duplicate cuvettes containing the reaction mixture and
two additional cuvettes containing ouabain, 2.5 m (final con-
centration), in addition to the reaction mixture. The reaction
mixture contained (final concentration) 100 mM NaCl, 10 mM
KCI, 2.5 mi MgCl2, 1 mivi Tris-ATP, 1 mrvi Tris-ATP, 1 mM tn
(cyclohexylammonium) phosphoenolpyruvate, 30 mi imidazole-
HC1 buffer (pH 7.3), 0.15 mr'.'i NADH, and 50 pg/mI of lactate
dehydrogenase and 30 pg/ml of pyruvate kinase. After initial
stabilization, the oxidation of NADH was monitored at 340 nm
in a Perkin-Elmer Lambda 3 Spectrophotometer. The temper-
ature of the reaction was maintained at 37 0.1°C by a
thermoelectrically controlled cell holder. ATPase activity was
calculated from the rate of change of optical density utilizing the
L3CP kinetic software program of the Perkin-Elmer 3600 Data
Station, and expressed as nmoles/min/mg of tissue protein as
assayed by the method of Lowry [40]. Specific Na-K ATPase
activity was determined as ouabain-sensitive ATPase activity,
and computed as the difference between the reaction rate with
and without the addition of ouabain, 2.5 m (final concentra-
tion). In preliminary experiments, this concentration of ouabain
was 10 times the concentration required for maximal inhibition
of ATPase activity in murine fetal or adult kidney homogenates.
All reagents were obtained from Sigma Chemical Company
and were of the highest available purity. In the current study,
enzyme activity was expressed as the mean value of 6 tissue
homogenates (each representing a total of 1 to 5 postnatal
kidneys or 4 to 10 fetal kidneys or explants) for each day of
natural organogenesis or organ culture incubation. Results are
presented as mean standard deviation.
Ouabain inhibition experiments
The effects of ouabain inhibition of Na-K ATPase activity on
normal and abnormal cystic organ culture nephrogenesis was
determined by daily incubation of intact organ culture explants
with ouabain 0.2 mrvi (final concentration) in dissecting solution.
Incubations were performed at 37°C and pH 7.38 0.2 for 2 hr
in a mixed air-5% CO2 environment. Following incubation,
tissue explants were washed x 2 with fresh medium and
returned to basal organ culture incubation conditions. The
concentration of 0.2 mivi ouabain was chosen for these studies
following initial experiments utilizing both continuous and pulse
incubations, which determined this to be the optimal concen-
tration for maximizing Na-K ATPase inhibition without disrupt-
ing organ culture viability and growth over the 120 hr culture
Fig. 1. Metanephros at 13 0.4 days gestation. Dense cellular
aggregates of metanephric blastema and early tubular structures sur-
round distal ramifications of the ureteric bud (U). (Hematoxylin, x 250)
period. Following 120 hr of incubation, both control and
hydrocortisone-treated tissue cultured with and without daily
incubation with ouabain were harvested and processed for
morphologic, growth, and viability studies as described previ-
ously [21, 31, 33].
The assessment of cyst-blocking effects of ouabain was
determined by utilization of a cystic index. The index permits
quantitation of the degree of cyst formation in organ culture,
and is derived from basic light microscopic mos-phometric
methods [41]. Following routine histologic preparation, 1 pm
sections were cut at 20 pm intervals through an intact explant.
Since the normal explant thickness following 120 hr of culture
was 120 to 140 pm, this technique permitted 5 to 6 sections from
each explant to be analyzed, Cyst grading was then performed
on each section of a given explant using a standard eyepiece
micrometer. Each of the 5 to 6 sections per explant was graded
for cyst formation by the following system: 0 = no cyst
determined; 1 = single cyst of any size or multiple cysts  0.05
mm; 2 = multiple cysts > 0.15 mm but < 0.10 mm; 3 = multiple
cysts > 0.10mm but < 0.15 mm; and 4 = multiple cysts > 0.15
mm. The cyst index for each explant was then determined by
calculating means of the individual cyst scores. For each
treatment group, a cyst index was determined on a total of 8 to
12 explants and the results expressed as mean + range. For
viability and growth determination, explants from both control
and cortisol-treated medium were dispersed to intact cell prep-
arations following washes in phosphate-buffered saline at 4°C.
Individual explants were placed in a buffered solution of 0.25%
pronase (Calbiochem-Behring Corp., LaJolla, California, USA)
and 0.075% Type IV collagenase (Sigma Chemical Co.). The
tissue solution was stirred for 45 mm at 4°C and the resultant
cell suspension centrifuged at bOg for 10 mm. Cells were then
washed in dissection solution at 4°C and resuspended in culture
medium. Total cell number per unit tissue was determined by
hematocytometer counting. Cellular viability was determined
on cell suspensions utilizing the standard techniques of trypan
blue exclusion and neutral red uptake [42]. In addition to
chemical dispersion into intact cells, explants were mechani-
cally disrupted into tissue homogenates using a Kontes tissue
I'
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microgrinder. Homogenized tissue was then used for
microprotein measurement using the standard Lowry method
[40]. For the current studies, 10 to 12 explants for each
treatment group were used for viability, cell number, and
protein content determination.
Statistical methods
All parametric data are expressed as means standard
deviation, and significance of differences of the means deter-
mined by Student's t test. The cystic indices, as nonparametric
data, are expressed as means, with ranges, and significance of
differences of the indices determined by the Wilcoxon rank sum
test [43].
Results
Organ culture morphology
At the time of explantation into organ culture (13 0.4 days
of gestation), the embryonic metanephros was at an early stage
of tubular development. It consisted of dense cellular aggre-
gates of metanephric blastema and early tubular structures
Fig. 2. Metanephric explants following 120 hr of organ culture
incubation. A Control explant displays active tubulogenesis and
glomerulogenesis around branches of the ureteric bud (U). A
gradient of increasing nephrogenesis and cell density extends from
the center of the tissue to the periphery. Even at low
magnification, numerous round glomeruli are seen throughout the
explant. (Hematoxylin, x 120) B Hydrocortisone-treated cystic
metanephric explant demonstrates marked tubular cyst formation
against a background of normal nephrogenesis. (Hematoxylin,
x 130) C Hydrocortisone-treated metanephric explant subject to
daily ouabain incubation (0.2 mat x 120 mm) displays overall
nephrogenesis similar to controls (Fig. 2A). Only a focal area of
mild tubular dilatation (arrow) is noted. (Hematoxylin, x 150)
surrounding distal ramifications of the ureteric bud (Fig. 1). By
120 hr of culture, control metanephric explants showed growth
(increased cell number and protein content per explant) and
advanced proximal tubular and glomerular visceral epithelial
cytodifferentiation as described previously [30, 31]. Explants
revealed a panorama of active nephrogenesis around ureteric
bud segments (Fig. 2A), including well-formed proximal tubules
and completely devascularized organ culture glomeruli consist-
ing of a central core of columnar epithelial cells and a well-
formed capsule of squamous epithelial cells [30, 311. Proximal
tubular ultrastructure at this stage revealed microvilli surround-
ing a collapsed central lumen, an apical endocytic system
consisting of apical vacuoles and vesicles, mature junctional
complexes, and developing intercellular interdigitations in ad-
dition to normal intracellular organelles, and a thin basal lamina
[21, 30, 311.
During the first 48 hr of culture, hydrocortisone-treated tissue
exhibited overall organotypic development similar to controls
as described previously [20, 21]. By 72 hr of culture,
hydrocortisone-treated tissue demonstrated early proximal tu-
bular dilatation, which progressed to florid cystic tubular
4-I
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Control Cystic
Pre-Culture 106 7 104 9
Dayl 73±9 75±6
Day2 60±7 61±6
Day3 63±4 59±4
Day4 35±6 32±5
DayS 18±3 15±4
maldevelopment by 120 hr of culture (Fig. 2B). Cystic proximal
tubules exhibited a thinned cell wall of flattened epithelial cells,
and were intermixed with an array of normal in vitro develop-
mental structures. As noted previously, epithelial cells compris-
ing tubular cyst walls showed no evidence of hyperplasia or
polypoid change [211. In addition, no significant differences in
tubular cell wall mitotic index were seen between control and
cystic explants during any stage of organ culture tubulogenesis
(Table 1). No cystic glomerular changes were noted, and
glomerular morphology was identical with that seen in control
tissue. Ultrastructural study of cystic tubules at 120 hr of
culture revealed a progression of changes initially identified at
the 72 hr stage and have been described in detail previously
[211. Cystic tubules consistently showed widening of intercel-
lular spaces, which extended from the basolateral surface of
cells to the epithelial junctions at the luminal surface. Overall
ultrastructural development of cystic proximal tubules was
otherwise similar to controls except that some tubules dis-
played thickened and irregularly lamellated basal laminae [211.
Basement membrane changes were generally found in tubular
segments where intercellular widening was most pronounced,
and were not observed in all affected tubules.
Sodium-potassium ATPase activity and ouabain inhibition
The ontogeny of ATPase activity during in vivo and in vitro
organ culture nephrogenesis is shown in Table 2. During natural
in vivo organogenesis, there was a progressive increase in both
total ATPase activity and Na-K ATPase activity. From 13-day
fetal to adult murine kidneys, there was a greater than 31-fold
increase in specific Na-K ATPase activity. In fetal kidneys at 13
days gestation, Na-K ATPase activity comprised 8% of total
ATPase activity. As organogenesis proceeded, Na-K ATPase
activity as a proportion of total ATPase activity increased such
that in adult kidneys it comprised 29% of total ATPase activity.
During control in vitro organ culture nephrogenesis, the
pattern of enzyme development was similar to that seen in vivo
(Table 2). There was a greater than fourfold increase in specific
Na-K ATPase activity of control explants during the 120 hr
culture period. Prior to culture, Na-K ATPase activity of
control explants comprised 8% of total ATPase activity. This
proportion increased to 14% following 120 hr of organ culture.
Quantitatively, control organ culture explants following culture
had total ATPase activity similar to 17 to 19 day gestation fetal
kidneys, and Na-K ATPase activity similar to 15 to 17 day
gestation fetal kidneys.
Hydrocortisone-treated cystic tissue showed a similar but
greater increase in total and Na-K ATPase activity during in
vitro nephrogenesis as compared to control explants (Table 2).
Ouabain
Total activity
sensitive =
Na-K ATPase
In vivo
organogenesis
Fetal day 13 51.6 5.3 4.1 1.4
15 86.7 8.7 10.6 0.6
17 107.2 3.8 21.6 1.1
19 145.6 7.6 32.5 1.9
Postnatal (2 weeks) 246.9 19.2 60.9 2.7
Adult 437.2 12.6 128.2 16.5
In vitro organogene- Ouabain
sis-Metanephric sensitive =
organ culture Total activity Na-K ATPase
Pre-Culture =
Fetal day 13
Control 48.3 3.2 3.9 0.8
Cystic 49.2 3.9 4.3 0.6
Culture—24 Hr
Control 50.3 5.9 6.2 0.9
Cystic 53.2 3.5 7.7 1.4
Culture—48 Hr
Control 58.9 1.8 11.0 0.9
Cystic 61.0 2.8 13.1 0.7'
Culture—72 Hr
Control 62.5 6.8 12.2 0.7
Cystic 69.5 3.9 16.4 lIe
Culture—96 Hr
Control 100.5 4.4 13.7 0.4
Cystic 133.0 5.8c 354 49c
Culture—--120 Hr
Control 115.4 4.0 16.3 0.9
Cystic 125.3 26.1 l.4c
Total ATPase activity and Na-K ATPase activity of cystic
explants were maximal following 96 hr of organ culture and
decreased slightly over the last 24 hr of the 5-day incubation
period. Hydrocortisone-treated cystic explants following 4 days
of culture showed an 8.2-fold increase in specific Na-K ATPase
activity over pre-culture tissue. In hydrocortisone-treated tis-
sue, the proportion of Na-K ATPase to total ATPase activity
rose from 8.7% pre-culture to 27% following 96 hr of culture.
Quantitatively, cystic explants at 96 hr of culture had total
ATPase activity similar to day 17 to 19 fetal kidneys and Na-K
ATPase activity similar to murine newborn kidneys.
After the initial 48 hr of in vitro incubation, hydrocortisone-
treated cystic explants persistently showed statistically signifi-
cant increases in Na-K ATPase activity when compared to
control explants at similar stages of organ culture development
(Table 2). The differences in enzyme activity between the two
groups of explants were maximal at 96 hr of culture when
hydrocortisone-treated cystic explants had 260% of the Na-K
ATPase activity of controls. The differences in specific Na-K
ATPase activity between cystic and control explants were large
enough to result in statistically significant differences in total
Table 1. Tubular cell mitotic index during in vitro organogenesisa Table 2. Ontogeny of murine renal ATPase activity during in vivo
and in vitro organogenesis
ATPase activity (nmoles min mg protein_
a All values mean SD. For each day, Control vs. Cystic, P> 0.1.
a Eachvalue is Mean SD determined from 6 separate homogenates.
b Control vs. Cystic, P < 0.01.
Control vs. Cystic, P < 0.001.
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Table 3. Effects of ouabain in metanephric organ culturea
Cellular
Viability, % x
Cell number
103/explant
Protein content
pgI explant Cystic Index
Control 85 3 247.6 5.3 48.1 0.6 0
Control + Ouabain (0.2 mM) 83 3 230.5 6.4 47.6 0.3 0
Cystic
Cystic + Ouabain (0.2 mM)
81 4
85 3
218.8 6.8
211.9 8.2
45.2 0.6
43.9 0.4
2.9 (1.9 to 3.9)
0.5 (0 to 1.1) P < 0 001
a All values are means SD except for Cystic Index which is expressed as mean and (range).
ATPase activity between the 2 groups at 96 and 120 hr of
culture. Sixty-seven percent of the difference in total ATPase
activity between control and cystic explants at 96 hr of culture
and 99% of the difference at 120 hr of culture were totally
accounted for by the differences in specific Na-K ATPase
activity. Although significant increases in Na-K ATPase activ-
ity were demonstrated in hydrocortisone-treated explants as
compared to controls at 48 hr of culture, the earliest
ultrastructural evidence of cyst formation in such explants
appeared at 72 hr of culture. Following the development of
cystic changes in hydrocortisone-treated explants, increases in
enzyme activity paralleled increasing tubular cyst formation
from 72 to 96 hr of culture. From 96 to 120 hr of incubation, cyst
formation continued both in terms of formation of new cysts as
well as enlargement of pre-existent tubular cysts while Na-K
ATPase activity declined slightly. Beyond 120 hr of culture
tissue viability deteriorated rapidly in both control and cystic
explants, precluding further analysis.
The effects of ouabain on metanephric organ culture devel-
opment are shown in Table 3. The addition of ouabain to control
tissue had little overall effect on cellular viability, cell number,
or protein content. As expected, no cyst formation was seen in
control tissue irrespective of ouabain treatment. The addition of
ouabain to hydrocortisone-treated cystic explants similarly had
little effect on overall cellular viability, cell number, or explant
protein content. However, the addition of ouabain caused a
statistically significant decrease in cyst formation, as indicated
by the decrease in cystic index of ouabain-treated tissue. This is
pictorially demonstrated by examination of control explants
(Fig. 2A), hydrocortisone-treated explants without ouabain
(Fig. 2B), and hydrocortisone-treated explants incubated daily
with ouabain (Fig. 2C).
Discussion
In most naturally occurring renal cystic disease states, cysts
develop from defined tubular segments that remain in continuity
with the remainder of the nephron [1, 441. A number of studies
have shown that the epithelial cells lining tubular cyst walls in
human adult polycystic kidney disease continue to actively
transport solutes and fluids in a fashion that reflects the tubular
segments from which they were derived [19, 45-48]. Despite
suggestions that abnormal epithelial transport might have
pathogenetic significance in experimental and human cystic
kidney diseases [16, 49, 50], previous experimental models of
cystic renal development have been unable to isolate tubular
cystic epithelium for study or identify a role for altered trans-
tubular solute or fluid transport in tubular cyst formation. In
murine metanephric organ culture, glucocorticoid-induced
proximal tubular cysts develop in continuity with the remainder
of the developing nephron amid a background of normal differ-
entiation [20, 21]. The system isolates tubular cyst development
from glomerular filtration, urine formation, and tubular flow
rate, and permits direct analysis of tubular epithelial processes
operative in cytogenesis.
The current study demonstrates that metanephric total
ATPase activity and specific Na-K ATPase activity increase in
a progressive fashion during in vivo and both control and cystic
in vitro nephrogenesis. During both in vivo and in vitro devel-
opment, the ratio of specific Na-K ATPase activity to total
enzyme activity increases with advancing organogenesis. Such
developmental profiles of ATPase activity have not been re-
ported previously for murine fetal tissue. They are similar to
enzymatic profiles reported in developing whole rabbit and
sheep kidneys [51, 52] and isolated rabbit nephron segments in
which increases in specific Na-K ATPase activity occur in
concert with increases in basolateral membrane complexity and
surface area during tubular development [53, 54]. In the organ
culture model, tubular cyst development is preceded by in-
creases in specific Na-K ATPase activity. During 5 days of
incubation, both control and glucocorticoid-treated organ cul-
ture tissue show changes in ATPase activity that simulate in
vivo murine enzyme ontogeny. However, following 48 hr of
incubation, glucocorticoid-treated explants show a statistically
significant increase in total and specific Na-K ATPase activity
when compared to control explants. This initial difference in
enzyme activity precedes the earliest morphologic evidence of
cyst development by 18 to 24 hr [20, 21], while subsequent
increases in ATPase activity in glucocorticoid-treated explants
parallel progressive tubular cyst development. The difference of
the increases in Na-K ATPase activity between cystic and
control explants continues to be statistically significant from 48
through the entire 120 hr of organ culture incubation. This is the
first documentation of a specific biochemical alteration that
initially precedes and subsequently parallels the morphologic
abnormalities of cyst development in any experimental or
naturally occurring renal cystic disease. Combined with the
ultrastructural features of progressive intercellular widening in
the tubular epithelium of dilating cyst walls, such changes in
Na-K ATPase activity suggest that increased paracellular trans-
port of solute(s) and fluid are important features of cyst devel-
opment. Further, the ability to prevent proximal tubular cyst
development in this model with ouabain treatment suggests that
the observed increases in enzyme activity are of primary
pathogenetic significance. Quantitative enzyme activity alone
cannot be the only factor operative in cystogenesis since
morphologically cystic explants at 72 hr of culture have the
same amount of Na-K ATPase activity as control, noncystic
explants at 120 hr of culture and less enzyme activity than
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normal murine kidneys at 17 days gestation (Table 2). The
maturational stage of the metanephros as well as the presence
or absence of a) flow-related phenomena, such as filtration and
tubular flow; or b) abnormalities in tubular wall compliance,
appear to be important modulating factors on the
cyst-promoting effects of increased Na-K ATPase activity.
A role for altered Na-K ATPase activity in the production of
experimental renal cystic disease has been suggested previously
by McGeoch et al [16, 55, 56]. In a series of studies, renal cysts
were produced in rats of various postnatal ages with the
experimental anti-inflammatory compound, 5, 6, 7, 8 tetrahy-
drocarbazole-3-acetic acid (AH2835). With drug treatment,
animals developed progressive tubular cyst formation associ-
ated with epithelial hyperplasia [55]. Such changes were asso-
ciated with inconsistent changes in renal Na-K ATPase activity
[16, 56]. The authors hypothesized that intrauterine increases in
renal Na-K ATPase activity might trigger tubular epithelial
hyperplasia and promote proliferative cystic changes [16]. Due
to methodological limitations, their hypothesis could not be
tested through direct measurement of enzyme activity in fetal
kidneys. The removal of AH2835 from commercial and exper-
imental production precluded further experimental work de-
signed to identify its mechanism of action and the relationship
of Na-K ATPase activity to cystic changes. In the glucocor-
ticoid-induced model of proximal tubular cyst development in
organ culture, direct measurement of Na-K ATPase activity
during in vitro cyst development confirms the hypothesis that
increases in enzyme activity reflect progressive renal cyst
development. However, study of induced cystic changes in
organ culture explants by light microscopy, electron micros-
copy, and nephron microdissection have not detected morpho-
logic evidence of epithelial cell hyperplasia or proliferative
tubular cyst wall changes [20, 21]. Further evidence against a
role for tubular cell hyperplasia in organ culture cyst formation
is provided by the comparative tubular cell mitotic indices
during control and cystic tubulogenesis (Table 1). At no stage in
organ culture development is there evidence of increased
cellular proliferation in tubular cyst walls.
The mechanisms by which glucocorticoid-induced increases
in Na-K ATPase activity mediate proximal tubular cyst devel-
opment are not defined by the current study. While hyperplasia
of tubular epithelial cells does not appear to have a role in cyst
formation in this model, increased Na-K ATPase activity might
be cystogenic by directly altering compliance of tubular base-
ment membranes [7, 15]. Alternatively, dilatation could occur
in the non-perfused, non-filtering organ culture system if net
fluid secretion occurred in tubular segments that were structur-
ally or functionally (that is, by stasis) obstructed, or where
glucocorticoid-induced alterations in tubular supporting wall
structures produced abnormally compliant cyst walls. If the
Na-K ATPase is oriented normally in the developing tubular
cyst walls of cultured explants, net fluid secretion with luminal
dilatation could possibly occur through sodium-linked counter-
transport of an impermeant solute into tubular lumina. The net
intraluminal accumulation and trapping of such an actively
transported solute would promote the net transport of sodium,
potassium, chloride, and fluid into the luminal space through
paracellular channels, resulting in net intratubular fluid accu-
mulation, and provide hydrostatic forces favoring cystic dilata-
tion [571. The dynamics of the metanephric organ culture
system are similar to those of the non-perfused isolated tubule
preparation in that proximal tubular elements develop in a
nutrient bath without glomerular filtration or intraluminal perfu-
sion. Extensive studies with isolated tubule preparations have
shown that the proximal tubular secretion of organic anions
may reverse the normal direction of fluid transport in proximal
straight tubules [58—61]. In non-perfused tubules or perfused
tubules with distal occlusion, addition of PAH to baths of
tubular preparations causes net fluid secretion with expansion
of tubular lumens [59]. It is possible that tubular cyst formation
in organ culture occurs by similar transtubular transport of
impermeant organic anions, which results in net intratubular
fluid accumulation and cyst development. Such speculation is
supported by: I) the recognition that the defined culture me-
dium of the system [30, 33] contains a number of substances
that are handled as organic anions by the proximal tubules,
including the amino acids phenylalanine, tryptophan, and tyro-
sine; the vitamins calcium pantothenate, folic acid, and ribo-
flavin; the organic dye phenol red; and the hormone
prostaglandin E1 [62]; 2) the well-characterized relationship of
increases in Na-K ATPase activity to increases in transtubular
organic anion transport [62—65]; and 3) the preliminary obser-
vation that glucocorticoids may directly induce fetal organic
anion transport [66]. In addition to solute transport linked with
organic anion transport, recent data obtained in non-mamma-
lian kidneys suggest other potential mechanisms of intratubular
fluid accumulation and cyst formation. In both teleost and
elasmobranch renal tubules, fluid secretion is linked directly to
cellular metabolism and sodium and chloride transport [67, 68].
Studies are underway currently to determine the validity of the
"transport hypothesis" of cyst formation and to delineate
specific abnormalities of organic anion or other solute transport
that may underlie cyst development in the organ culture model.
The relationship of glucocorticoid-induced cyst formation
and increases in Na-K ATPase activity in vitro to the patho-
genesis of cyst formation in naturally occurring cystic disease
states is unclear. Although serum glucocorticoid levels have not
been reported in humans or most animals with renal cystic
diseases, a preliminary report describes marked elevations of
blood corticosterone levels in a mutant strain of inbred mice
which spontaneously develop renal cystic disease [69]. Such
data provide a potential link between glucocorticoid-induced in
vitro abnormalities and genetically determined cyst develop-
ment in vivo. Further, although direct measurements of renal
Na-K ATPase have not been performed on cystic kidneys in
experimental or naturally occurring disease states, recent stud-
ies suggest a role for altered transtubular transport in human
adult polycystic kidney disease. Based on studies of renal cyst
epithelial transport of organic molecules in a non-uremic patient
with adult polycystic kidney disease, Wicker and Bennett
suggest that active basolateral transport of endogenous anions,
with sequestration inside cysts precluding efilux, plays a role in
the process of cyst growth in this disease [49]. Similarly,
Welling and Welling have concluded on the basis of mathemat-
ical models that proximal tubular cyst growth in human adult
polycystic kidney disease must be related to altered fluid
absorption characteristics of tubular cyst epithelium [50]. In
intact nephrons, normal tubular flow rate should prevent the
intraluminal concentration of any impermeant solutes from
reaching levels high enough to promote net fluid secretion [70].
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However, in obstructed nephrons or during low flow states, net
tubular secretion with cystic dilatation might occur secondary
to intraluminal impermeant solute accumulation. It has been
suggested that this phenomenon might be responsible for the
dilated proximal tubules found in the kidneys of patients with
chronic renal failure or the acquired renal multicystic disease
that occurs in dialysis patients [711. Similarly, active transtu-
bular transport might increase cyst growth in nephron segments
proximal to intratubular obstruction from hyperplastic polypoid
lesions, which have been reported in a variety of naturally occurring
and experimentally induced cystic disease states [13, 14, 72, 731.
In summary, glucocorticoid-induced cystic metanephric de-
velopment in serum-free organ culture is preceded by step-wise
increases in renal Na-K ATPase activity that progress with the
observed morphologic changes. Proximal tubular cystic
changes in this model can be largely prevented by Na-K
ATPase activity inhibition with ouabain treatment of organ
culture explants. This suggests a primary role for increased
Na-K ATPase activity and altered transtubular transport of
solutes and fluid in this model. Further characterization of
altered epithelial transport processes in organ culture cystic
development may provide further insight into the complex
pathogenesis of renal cyst production in human cystic disease
states. Further studies are required to determine the value of
increases in renal Na-K ATPase activity as a biochemical
marker of renal cyst development in other experimental and
naturally occurring renal cystic diseases.
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